The gene encoding the cyclodextrin glucanotransferase of Paenibacillus pabuli US132 was connected to the amylase signal peptide of Bacillus stearothermophilus. This leads to an efficient secretion of the recombinant enzyme into the culture medium of Escherichia coli as an active form contrasting with the native construction leading to a periplasmic production. The optimum cultivation conditions for the maximum expression were optimized, using a Box-Behnken design under the response surface methodology, and found to be a post-induction temperature of 24
Introduction
Amylases (α-amylases) (1,4-α-D-glucan glucanohydrolase, EC 3.2.1.1) catalyse the hydrolysis of α-1,4-glycosidic linkages in starch and related polysaccharides. They belong to family 13 (GH13) in the classification of glycoside hydrolases (Davies & Henrissat 1995) . This family is the most varied of all glycoside hydrolase families, containing many enzymes able to catalyse various reactions, such as hydrolysis, transglycosylation, condensation and cyclization (Janecek 2002; Svensson et al. 2002) .
Cyclodextrin glucanotransferases (CGTase, EC 2.4.1.19) are a member of this GH13 family (AlvesPrado et al. 2008) . The major activities of these enzymes are intramolecular (cyclization) and intermolecular (disproportion, coupling) transglycosylation (Kuo et al. 2009 ). They are able to convert starch into cyclic α-1,4-glucans, called cyclodextrins (CDs) (Leemhuis et al. 2010) . CDs can accommodate various organic and inorganic molecules within the hydrophobic central cavity leading to changes in the chemical and physical properties of the guest molecules (Li et al. 2010 ). Due to this property, CDs have been used in foods, pharmaceuticals, cosmetics, environmental protection, agricultural, chemical and textile industries. The most common available CDs to be synthesized are composed of 6, 7 and 8 glucose units named α, β and γ-CDs, respectively (Del Valle 2004) .
It has been well known that CGTases produced from Bacillus species are usually secreted out to the culture medium (Park et al. 1992) . Despite the same enzymatic properties of CGTases expressed in E. coli, the enzyme ended up in the periplasm and sometimes a formation of insoluble inclusion bodies was reported (Lee et al. 1994; Jemli et al. 2008) . These phenomena were due to an additional transport barrier, the outer membrane, of Escherichia coli (Pugsley 1993) . In addition, the accumulation of CGTase in the intracellular compartment as an inclusion body was due to the nonsecretive nature of the expression vector system used for CGTase expression in recombinant E. coli (Nitschke et al. 1990) . As a result, the activation of the inclusion body requires complicated denaturation and refolding process, which are costly, thereby reducing the merits of recombinant E. coli as a high workhorse in the production of CGTase (Hashimoto et al. 1998) . However, other conditions, such as changing the temperature and co-expression of the folding accessory proteins were favoured by most researchers. Kim et al. (2005) successfully overexpressed the active CGTase of Bacillus macerans in recombinant E. coli by co-expressing the folding accessory proteins, molecular chaperones and human peptidyl-prolyl cis-trans isomerase.
The secretion of expressed protein into the culture medium can be a solution for the application of industrial large-scale fermentation of recombinant E. coli (Lee et al. 1994) . In most cases, targeting protein to the periplasmic space or to the culture medium facilitates downstream processing, folding and in vivo stability, enabling the production of soluble and biologically active proteins at a reduced process cost (Mergulhao et al. 2005) . Excretory overexpression of CGTase from Bacillus sp. G1 was successfully carried out by co-expression with bacteriocin release protein gene in E. coli (Lo et al. 2007 ). However, during such recombinant CGTase expression, caution must be taken in order to avoid the full-lysis or undesired cell death, which is caused by the overinduction of the recombinant bacteriocin release protein.
Another approach means to use of a secretive signal peptide to promote excretory overexpression of recombinant protein. In this way, Zouari Ayadi et al. (2008) reported the efficient secretion of a highmolecular weight and naturally cytoplasmic pullulanase of Geobacillus thermoleovorans US105 in the extracellular fraction of E. coli using the amylase signal sequence (SSamy) of the B. stearothermophilus US100 strain (Ben Ali et al. 2001) .
Production of recombinant CGTase is mainly dependent on the cultivation conditions such as postinduction temperature, induction-starting time that was determined by the cell optical density at 600 nm, concentration of isopropyl-β-D-thiogalactopyranoside (IPTG) and post-induction time (Lo et al. 2007 ). Furthermore, the optimization of some physical and environmental parameters is of primary importance due to its impact on the enhancing of production yield.
Response surface methodology (RSM) has been applied successfully for optimization of parameters of various processes in biotechnology ). Statistical designs allow explaining interactions between the different factors (Elibol 2004 ). These designs have been applied to media optimization precisely in biomass growth, enzymes, certain extracellular protein and bioactive metabolites (Li et al. 2002; Zain et al. 2007 ). However, little work related to optimization of media composition for CGTase production has been reported (Ibrahim et al. 2005; Alves-Prado et al. 2007) . A prerequisite to achievement of high-product yield would be the design of an efficient CGTase production medium, which would render the process more economical.
In a previous work, a β-CGTase enzyme from Paenibacillus pabuli US132 strain was cloned in an E. coli strain and was accumulated in the periplasm . The production of the recombinant CGTase, as active form, was enhanced by using the one-factor-at-time optimization of some physicoenvironmental factors . In the present study, we investigated the extracellular overproduction of this CGTase in recombinant E. coli using a secretive SSamy (Ben Ali et al. 2001) . Thereafter, RSM was applied to identify and optimize the critical, crucial and significant cultivation conditions as well as optimization of media composition that will maximize the expression of extracellular recombinant CGTase.
Material and methods
Bacterial strains, plasmids and media Paenibacillus pabuli US132 strain (Jemli et al. 2007 ) was used in this work.
ompT lacZ::T7 gene 1 gal sulA11∆(mcrC-mrr)114::IS10 R(mcr-73::miniTn10-TetS)2 R(zgb-210::Tn10)(TetS)endA1 [dcm] ) and E. coli
were used in this work as host strains. E. coli/pSJ9 ) expressing the periplasmic recombinant CGTase from Paenibacillus pabuli US132 and all recombinants E. coli strains were grown aerobically at 37
• C in Luria-Bertani (LB) medium (10 g/L peptone, 5 g/L yeast extract and 5 g/L NaCl) (Sambrook et al. 1989 ). This medium was supplemented, when necessary, with ampicillin (100 µg/mL) and was induced with IPTG when the absorbance at 600 nm reached 0.6 to 0.8. The plasmid used as cloning vectors was pAD18 (Zouari Ayadi et al. 2008) . The pAD23 plasmid was described in this work.
DNA manipulation and PCR
Isolation of plasmidic DNA and digestion with restriction nucleases were performed as described by Sambrook et al. (1989) . Purification of DNA fragments from agarose gel was performed using the Gel Band Purification Kit (Amersham, Bioscience) according to the manufacturer's instructions. The PCR mixtures (50 µL) contained 10 pmol of each primer, 200 ng of DNA template and 2 units of Pfu DNA polymerase from Appligene. The cycling parameters were 94 Cloning strategy for secretion of the CGTase US132 For the extracellular secretion, the sequence coding for the cgtase gene (2.03 kb), deprived of its own signal peptide, was amplified by PCR using the pSJ9 plasmid as template ) and the following two primers: cgtase 1-forward: 5'-GATGCGGATACCGCGGTTACC-3' and cgtase 2-reverse: 5'-TTAGCTTGTAGACGGATT-3'. The amplified fragment containing the cgtase US132 gene was purified and inserted into the secretion vectors pAD18 predigested with SmaI. Hence, the resulting plasmid (pAD23) carries the "SSamy-cgtase US132" construction under the control of lac promoter.
The pAD23 plasmid was then transformed into E. coli DH5α, BL21(DE3), BL21(DE3)pLysS, ER2566 and TG1 for the better expression of CGTase.
For these constructions, transformants with starchhydrolyzing activity were selected according to their capability of forming clear zone around the colony on the LB agar plate containing 1% starch. The plates were incubated overnight at 37
• C and then stained with iodine vapour until halos were observed. The correct cloning of the main performed constructions were confirmed by both restriction enzyme analysis and sequencing using the BigDye Terminator v3.1 Cycle Sequencing Kit and the automated DNA sequencer ABI Prism 3100-Avant Genetic Analyser (Applied Biosystems).
Preparation of crude enzyme
In order to analyze the expression level of the CGTase, the recombinant clone was cultured at 37
• C in LB medium and on a rotary shaker at 250 rpm. Fifty millilitres of culture were shaken in 250 mL flasks, IPTG was added as the inducer at 16 mg/L. Intracellular, periplasmic, and extracellular fractions were prepared from 10 h cultures of DH5α/pAD23 and ER2566/pSJ9 ) as control strains. After centrifugation (7,500×g, 10 min), the supernatant was used as crude enzyme solution for assaying enzyme activity. The periplasmic and cytoplasmic proteins were prepared as described by Jemli et al. (2008) .
CGTase enzyme assay
The CGTase activity, determined as dextrinisation activity, was monitored at 60
• C for 10 min as described previously (Jemli et al. 2007 ). One activity unit was defined as the amount of enzyme able to decrease 10% of amylose-iodine complex optical density per min under the assay conditions. Experimental design Culture conditions optimization RSM was applied to optimize the cultivation conditions for the excretory overexpression of recombinant CGTase in E. coli pAD23. The optimization was done by Box-Behnken design especially made to require three levels coded as (-), (0) and (+) (N = 27) (27 experiments and four factors at three levels) under the RSM. Table 1 shows matrix of experiments and the levels of the parameters. The basic points for the design were selected from a preliminary study (data not shown). The cultivation conditions investigated are postinduction temperature (X1), induction-starting time (X2), concentration of IPTG (X3) and post-induction time (X4), with the CGTase enzyme activity collected as the responses (Y). The RSM was used to analyse the experimental design data. In order to be correlated to the independent variables, the response variable was fitted by a second order model. The general form of the second degree polynomial equation is as follows:
where Yi is the predicted response, xi, xj are input variables which influence the response variable Y; β0 is the offset term; βi is the i th linear coefficient; βii the i th quadratic coefficient and βij is the ij th interaction coefficient.
Screening of important carbon, nitrogen and metal ions sources
To select an economic and more excretory CGTase carbon substrate, the cells were cultivated in LB medium containing different carbon sources. Starch (from rice, corn, potato, and wheat), corn steep liquor, glucose, sucrose, glycerol and glucose+glycerol, were tested at 5 g/L. Then, the retained carbon source was tested for different concentration. To achieve the screening of main nitrogen source and metal ions influencing CGTase production, a PlackettBurman design (PBD) was adopted (Plackett & Burman 1946). The application of this technique provided an efficient and economical method to acquire the necessary information to understand the relationship between the control (independent) and performance (dependant) variables. The PBD was set up for 8 variables, with two coded levels (−1 and +1), and was run to evaluate the linear effects of yeast extract (A), tryptone (B), hy soybean (C), casein hydrolysate (D), urea (E), ammonium sulphate (F), KH2PO4 (G) and MgSO4 (H) as listed in Table 2 . The PBD assumes that there are no interactions between the different factors, xi in the range of variables under consideration. A linear approach is considered to be sufficient for screening:
where Yi is the estimated target function and βi are the regression coefficients. The contrast coefficient, noted B, was calculated as the difference between the average of measurements made at the high (+) and the low (-) levels of the factors. This coefficient notifies the main effect of the studied factor.
Optimization of screened media components RSM was employed to optimize the three most significant nitrogen sources, identified by PBD (yeast extract, tryptone, hy soybean) for enhancing the production yield. The three independent variables were studied at three different levels (−1, 0, 1) and a set of 13 experiments were carried out. All variables were taken at a central coded value zero. The minimum and maximum ranges of variables investigated and the full experimental plan with respect to their real values are listed in Table 3 . Upon completion of experiments, the average maximum recovery was taken as the responses (Y ).
Software tools
The statistical software package SPSS (SPSS Version 11.0.1 2001, LEAD Technologies, Inc., USA) was used to analyze the experimental data. A multiple regression analysis of the data was carried out to obtain an empirical model that relates the response measured to the independent variables. The response surface curves were obtained using the EX-CELL (Version 2003, Microsoft office, Inc., USA) software to determine the optimum levels of the variables for maximal recovery of CGTase.
Results and discussion

Extracellular secretion of CGTase using the SSamy
In order to test the secretion of the CGTase US132, the corresponding ORF was fused to the SSamy carried by pAD18 plasmid (Zouari Ayadi et al. 2008) leading to the pAD23 construction which confers a clear transparent halo to the E. coli DH5α host recombinant strain. Then, 10 h IPTG-induced cultures were carried out for the DH5α/pAD23 strain and ER2566/pSJ9 as a control. The monitoring of the CGTase activity in the cell crude extract, periplasmic fraction and the supernatant, showed a clearly detectable activity of 2 U/mL (95%) in the extracellular juice of DH5α/pAD23 strain against of only 0.08 U/mL (1.5%) and 0.2 U/mL of culture (3.5%) in the cytoplasmic and periplasmic frac- tions, respectively. In contrast, in the case of the CGTase US132 with its natural signal peptide, the CGTase activity was mainly periplasmic evaluated to be 1 U/mL (98%), while no detected activity was found in the supernatant and only 2% in the cytoplasmic fraction, as already reported by Jemli et al. (2008) . Thus, enzyme localization showed that the enzyme was efficiently expressed and secreted into the supernatant in catalytically active conformation with specific activity of about 400 U/mg. This is the first report about secretion and production of a relatively highmolecular weight CGTase in E. coli using an SSamy. Hence, the SSamy allowed for the efficient secretion of CGTase as well as the recombinant pullulanase US105 into the extracellular compartment of E. coli (Zouari Ayadi et al. 2008) . Taken together, these results prove the efficiency of the SSamy on the secretion of a highmolecular weight enzyme into the supernatant of E. coli, a gram negative bacterium, and consequently enlarge the SSamy use for the secretion of other proteins.
The analysis of the host-strain effect on the expression of extracellular recombinant CGTase was carried out by transforming the pAD23 plasmid into various hosts [E. coli DH5α, TG1, ER2566, BL21(DE3) and BL21(DE3)pLysS]. Findings showed that the enzyme production was very similar in various strains and TG1 have been chosen as host strain for further study because it gave the highest cell growth level.
Effect of the cultivation conditions on the expression level of extracellular recombinant CGTase
To enhance the expression level of the extracellular recombinant CGTase, the experimental Box-Behnken design was applied to determine the optimum conditions for production. According to the bibliographic and preliminary studies, four parameters were selected: postinduction temperature (X 1 ), induction-starting time (X 2 ), concentration of IPTG (X 3 ) and post-induction time (X 4 ). Then, experiments with different combination of cultivation conditions involved (X 1 -X 4 ), as stated in Materials and methods section, were performed. The mean values predicted by the model and the observed experimental responses are presented in Table 1 .
The analysis of data by Student's test shows that the main variables affecting CGTase production are X 1 , X 2 , X 3 , X 4 , X where Y refers to TG1/pAD23 CGTase activity (U/mL) and (X 1 -X 4 ) will be described below. A positive sign before a term indicates a synergistic effect, while a negative sign indicates an antagonistic effect (Lu et al. 2009; Tan et al. 2010) .
A higher value of the correlation coefficient (R = 0.925) justifies an excellent correlation between the independent variables (Khuri & Cornell 1987) . At the same time a relatively lower value of the coefficient of variation (CV= 7.75 %) indicates a better precision and reliability of the experiments carried out (Khuri & Cornell 1987) . The coefficient of determination R 2 implies that 86.0% for CGTase production is attributed to independents variables. This is also supported by data generated from the analysis of variance (ANOVA). The computed model F of 11.35 was much greater than the tabulated F-value (F (9, 17) = 3.68) at 0.01 level, demonstrating that the model was highly significant. In each case, the preserved model terms were found to be significant according to the Student's t-test (α=0.05) and P-values (Table 4) .
The most significant factor was the post-induction temperature (X 1 ). The significant effect of this factor can easily be observed from Table 4 where the lower post-induction temperature enhance the expression of extracellular recombinant CGTase, and being the reverse, the higher temperature reduces the desired expression of extracellular recombinant CGTase. The enhancement of the extracellular CGTase activity was correlated with the best post-induction temperature of 24
• C. Our findings confirm already reported results. Indeed, Lo et al. (2007) optimized the culture conditions for the production of a recombinant CGTase by RSM, with soluble fusion protein (bacteriocin release protein) as the response data. From their findings, postinduction temperature significantly influences the pro- duction of recombinant CGTase. In recombinant bacteria, protein aggregation is an ordinary consequence of thermal stress (Villaverde & Carrio 2003) . Therefore, by simply lowering the cultivation temperature, production of soluble recombinant protein in bacteria was enhanced (Schein 1989) . As a result, post-induction temperature is an important factor that will influence the expression level of extracellular recombinant CGTase.
The effect of induction-starting time (X 2 ) on CGTase production was examined, and according to the P-value (0.01); this factor influences the expression of extracellular recombinant CGTase (Table 4 ). The enhancement of the CGTase production was correlated with the induction-starting time at the cell density (A 600 nm) of 0.85.
The concentration of IPTG (X 3 ) is also a significant factor (P = 0.001) that influence the expression of the extracellular recombinant CGTase (Table 4) . Hence, the highest secretion of the expressed CGTase was exhibited at the relatively low inducer concentration of 0.045 mM. In the same way, Leon et al. (2004) reported that inducer has a significant effect towards the expression level of recombinant endochitinase.
Based on Figure 1 , the expressed extracellular recombinant CGTase was higher with intermediate postinduction time (X 4 ). Although longer cultivation time will enhance the expression level for extracellular recombinant CGTase, it is not economical for the production perspective. Therefore, based on Figure 1 , the optimum 3.9 h post-induction time was selected as one of the optimized cultivation conditions. The response surface plots have shown that the optimum predicted cultivation conditions for the maximum production of extracellular recombinant CGTase were found to be: (i) 24
• C post-induction temperature; (ii) induction-starting time when cell optical density is 0.85 at 600 nm; (iii) 0.045 mM IPTG; and (iv) 3.9 h post-induction time. The maximum value of enzyme activity calculated from the model according to the predicted optimum cultivation condition was 2.52 U/mL. In order to confirm the predicted optimized cultivation condition, three experiments were carried out at the cultivation conditions predicted by the model. The average value of final extracellular recombinant CGTase activity obtained was 2.66 U/mL, which was very close to the predicted value.
Effect of carbon sources on CGTase production
To choose a suitable carbon source for the overexpression of CGTase, the recombinant E. coli pAD23 was cultivated in a LB medium supplemented with different carbon sources (0.5% w/v) under the previously optimized conditions.
The maximum titre of CGTase production was achieved with wheat starch after 9 h fermentation (2.76 U/mL). This result showed that E. coli expressed CGTase more successfully with unconventional carbon sources unfit for rapid utilization. This starch may have contained an inducer for CGTase production, and the differences in activity obtained with different starches may be due to small differences in their composition. Meanwhile, a comparatively lower level of CGTase was reached with readily utilizable carbon sources, such as glucose and sucrose (data not shown).
When varying the wheat starch concentration from 0 to 5% (w/v), maximum CGTase production was achieved with concentration of 0.5% (w/v) (data not shown).
Effect of nitrogen and mineral sources on CGTase production The selection of the nitrogen and mineral sources and the determination of their concentrations are critical to the optimization of CGTase production in recombinant E. coli.
A set of 8 compounds, namely yeast extract, tryptone, soybean (hy soy), casein hydrolysate, urea, am- (Table 2) , were evaluated in terms of their effects on CGTase production using the PBD. A total of 12 trials were conducted. Plakett-Burman experiments showed a wide variation on CGTase activity (1.78-5.81 U/mL). This variation reflected the importance of screening step to determine the most significant sources giving higher production. According to Student's test, the analysis of results showed that three different types of nitrogen sources, yeast extract (A), tryptone (B) and soy peptone (C), were identified to be the key factors affecting the CGTase production ( Table 2 ). The organic nitrogen sources, like casein hydrolysate and soybean hydrolysate, have traditionally a positive effect over inorganic ones since they are also carbon source and contain trace of minerals ions that could enhance the enzyme secretion. On the other hand, the results of PBD show that better CGTase production occurred with phosphate source (KH 2 PO 4 ) used at a concentration of 2 g/L (B = -0.22) and MgSO 4 added at 1 g/L (B = 0.18).
Optimization of the selected nitrogen sources for maximum CGTase production Following screening of nitrogen source for E. coli TG1/pAD23 strain, RSM using Box-Behnken was applied to determine the optimal levels of the three significant variables, yeast extract (A), tryptone (B) and soybean (C) that affected CGTase production. In this design, concentration of KH 2 PO 4 and MgSO 4 were set at 2 g/L and 1 g/L, respectively. Enzyme activity achieved (response and predicted values), with coded variable for each variable concentration are shown in Table 3 .
The analysis of data by Student's test shows that the main variables affecting CGTase production are B, A 2 , C 2 and BC (Prob. > F less than 0.05). The regression models can be applied in screening crucial and critical concentration of each factor. The regression equation was obtained from analysis of variance and all terms regardless of their significance was included in the following equation:
where Y refers to TG1/pAD23 CGTase activity (U/mL), A is yeast extract level, B is tryptone concentration and C is soybean concentration. The estimated equation of the model for CGTase production showed significant positive linear effect for tryptone. The quadratic terms for yeast extract and soybean indicated that these elements have a secondary positive effect on CGTase production. These results are in agreement with the suggestion that yeast extract may be a good inducer for CGTase production (Gawande & Patkar 1999) . The coefficient of determination R 2 was calculated to be 0.950 indicating that the model is able to comprehend a 95% of the data variability. As closer the value of R (multiple correlation coefficients) to 1, a better correlation existed between the experimental and predicted values. The value of R = 0.974 indicates a good agreement existed between the experimental and predicted values of CGTase activity.
The results of the second order response surface model in the form of analysis of variance (ANOVA) are realized. The F-test (F (4, 4) = 38,0255) with a very low probability value (P model > F = 0,00019205) demonstrates a high significance for the regression model. In each case, the preserved model terms were found to be significant according to the Student's test (α = 0.05) and P-values.
As can be observed from Fig. 2 , the contours were parallel suggesting that the two parameters were quite independent of each-other. These results may demonstrate that these two nitrogenous substrates seem to be complementary sources.
Results have shown that optimal concentration of yeast extract would be set at 3%, tryptone at 3% and with no level of soybean incorporated in the medium. 
Optimum validation
The optimum combination for TG1/pAD23 was found to be (g/L): wheat starch (5), yeast extract (30), tryptone (30), NaCl (5), KH 2 PO 4 (2) and MgSO 4 (1). The model showed that soybean was not essential for CGTase production. To validate the proposed experimental methodology, cultures were performed for CGTase production by employing the obtained optimized media under the experimental conditions. Table 5 gives the comparison between the yield of CGTase from original and optimized media under the experimental conditions. The yield 6.03 U/mL obtained after 7.9 h of cultivation is very close to expected result 5.85 U/mL. The results of this study have clearly demonstrated the noteworthy increase in yield for recombinant strain TG1/pAD23.
Conclusion
Excretory overexpression of CGTase in E. coli was successfully carried out by fusion the corresponding gene to the SSamy of B. stearothermophilus. This improves the efficiency of the SSamy on the secretion of a highmolecular weight enzyme and enlarges its use for the secretion of other proteins. Our studies demonstrated that wheat starch represents a good carbon source for the production of CGTase. The optimization of the culture conditions and media composition, achieved by using RSM, has lead to an increase in CGTase production reaching 6.03 U/mL. Hence, increase in CGTase productivity is considered as a major priority for the reduction of CDs production cost, which is beneficial for many industries (food, pharmaceutical, etc.) .
